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Immune systems protect animals 
from threats by parasites, bacteria 
and viruses. Most of what we know 
today about the composition, 
function and regulation of the 
two fundamental branches of the 
immune system — innate immunity 
and adaptive immunity — comes 
from studies on mice and humans. 
However, recently there has been an 
increased interest in fish immunology 
for several reasons. For evolutionary 
biologists, fish immune systems 
provide important comparative 
outgroups for understanding the 
evolution of the immune system. 
Such comparisons should eventually 
lead to an increased understanding 
of general principles of immune 
system design. At the same time, 
fish immune systems are also 
interesting in their own right, as 
in fish very different mechanisms 
may have evolved as solutions 
to immunological problems. 
Additionally, there are practical 
reasons, as the cost of infections to 
aquaculture can be great, making 
failure of immunity a major risk for 
commercial fish farming. In biological 
research, several small fish species 
have increased in popularity as 
model organisms for developmental, 
physiological, and biomedical 
research. Particularly prominent 
among these has been the zebrafish 
(Danio rerio), a small cyprinid 
teleost, which offers researchers 
the attractive combination of 
genetic tractability, rapid ex vivo 
development, optical transparency, a 
genome sequencing and annotation 
project nearing completion, and a 
rapidly expanding resource of genetic 
and biochemical reagents including 
numerous mutant and transgenic 
lines. The study of immunology in 
aquatic organisms is as old as the 
immunology itself, as Metchnikoff’s 
observations in the wounded larvae 
of starfish initiated his interest in 
the phagocyte and stimulated his 
exploration of the cellular basis of the 
interaction between an organism and 
invasions from its environment.
Primer As an example of fish immunology, this primer focuses particularly on the 
now prevalent laboratory teleost fish, 
the zebrafish (Figure 1). This is not 
to overlook the study of immunology 
in many other species of fish, 
including other teleosts employed 
in biological and genomic research, 
e.g. medaka (Oryzias latipes), the 
pufferfish (Takifugu rubripes and 
Tetraodon nigroviridis), goldfish 
(Carassius auratus), and rainbow 
trout (Oncorhynchus mykiss); other 
species are studied because of their 
value to the aquaculture industry,  
e.g. atlantic salmon (Salmo salar), 
and catfish (Ictalurus punctatus).
Evolution of the fish immune system
The innate immune system is 
phylogenetically very old. The most 
primitive diploblastic metazoans 
(sponges and coelenterates) 
present an epithelial barrier and 
within an intermediate mesogleal 
layer (analogous to the mesoderm 
of triploblasts), phagocytic 
amoebocytes perform dual 
roles as digestive cells and as 
defensive cells that engulf foreign 
organisms. These phagocytic 
cells are the functional precursor 
of the vertebrate macrophage. 
Views about the appearance of the 
elements of adaptive immunity in 
jawed vertebrates have recently 
been revised. Jawless fish (e.g. 
lampreys and hagfish) have long 
been considered to lack an adaptive 
immune system, but recently they 
have been shown to possess 
lymphocyte-like cells, marked by 
expression of Ikaros and Spi family 
genes, with accumulating evidence 
for their immunological function. 
This suggests that the presence of 
lymphocytes may phylogenetically 
predate the acquisition of the 
molecular mechanisms of adaptive 
immunity. Furthermore, variable 
lymphocyte receptors, assembled 
by leucine-rich-repeat cassettes, 
have now been identified in 
lamprey, forming a different type 
of rearranging immunoreceptor 
system to that found in jawed 
vertebrates. With the arrival of the 
jawed vertebrates, the thymus 
appears along with the recombinase 
activating gene (Rag) gene family, 
the rearranging T cell receptor, 
and rearranging immunoglobulin 
genes, providing all the elements 
of adaptive immunity in the form that has become prevalent. The 
structure of the T cell receptor 
complex has remained virtually 
constant throughout jawed vertebrate 
evolution, but that of the B cell 
receptor (immunoglobulin) varies.
Innate immunity in fish— humoral 
factors
The surface of organisms presents a 
mechanical barrier to microorganisms 
and typically in aquatic organisms, 
the secretions coating external and 
internal epithelial surfaces contain 
antimicrobial compounds, including 
lectins, complement, lysozyme, and 
antimicrobial peptides. While such 
diversity has not been demonstrated 
in zebrafish, several β-defensins 
show high expression levels in 
zebrafish skin and gut. Within the 
alimentary canal, secreted digestive 
enzymes from the buccal glands, 
exocrine pancreas, biliary system, 
and mucus from intestinal mucosal 
goblet cells also create a hostile 
environment for non-commensal 
microorganisms.
The complement system contains 
several converging protein cascades 
that activate the C3 protease, 
leading ultimately to the assembly 
of membrane-attack complexes 
on the target cell. The cascade 
generates cleavage products with 
other advantageous activities, e.g. 
C3b, which enhances phagocytosis. 
As is typical of fish, zebrafish have 
a highly evolved complement 
system. Components of the classical 
(antibody-dependent), alternative, 
and mannose-binding lectin 
pathways have been identified. 
Furthermore, zebrafish posses 
additional complement components 
compared to mammals (e.g. at 
least three mannose binding lectin 
genes), although not all of these extra 
components have been functionally 
evaluated. This expansion of innate 
immunity gene families in zebrafish 
is a common theme. It provides 
potential for increased functional 
flexibility, diversity and redundancy in 
the zebrafish innate immune system 
that may be important for supporting 
what at least superficially appears to 
be a less adaptable immune system. 
This notion of the innate immune 
system supporting adaptive immunity 
is corroborated by the observation 
that several complement genes are 
up-regulated after hatching before 
adaptive immunity is established or 
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as in rag-deficient zebrafish.
Interferons are important for 
antiviral innate immunity, and 
their production is stimulated by 
double-stranded RNA. Like other 
teleosts, zebrafish have two type 
II interferon genes (the ortholog of 
the single mammalian interferon-γ) 
and their transcription is stimulated 
by lipopolysaccharide. In addition, 
zebrafish may possess several type 
III interferons (i.e. orthologous to 
mammalian interferon-λ). Interferon 
receptors engage JAK–STAT (Janus 
kinase and signal transducers and 
activator of transcription) intracellular 
signalling pathways.
An inflammatory response is the 
characteristic manifestation of the 
innate immune response. Cytokines 
and induced inflammatory mediators 
secreted by stimulated leukocytes 
are central for the orchestration of 
this response: its amplification, its 
quality — which cells are recruited 
and which effectors activated — its 
containment, and its resolution. 
The most comprehensive genomic-
level overviews indicate significant 
expansion of cytokine ligand and 
receptor families in teleosts, often 
with evidence for early phylogenetic 
divergence from other vertebrates. To 
complicate things, the nomenclature 
in the teleost literature is sometimes 
imprecise, with a tendency to name 
sequences on the basis of homology, 
rather than on the basis of secure 
evidence of orthology. The tumor 
necrosis factor (TNF) superfamily is 
an example. It is expanded in many 
fish species. Although two zebrafish 
TNF ligands have been found by 
phylogenetic sequence analysis, 
neither cluster stably with either 
TNF- α or TNF-β. For the interleukin- 1 
(IL-1) ligand family, phylogenetic 
sequence analysis provides 
evidence of divergent evolution 
between fish and tetrapods: there 
is no fish IL-1α, and teleost IL-1βs 
cluster separately from mammalian 
cytokines.
Functionally, fish cytokines clearly 
play important, conserved roles 
in inflammation. Although these 
roles overlap with those of their 
mammalian homologs, just exactly 
how their activities are distributed 
and partitioned among the individual 
fish cytokine family members remains 
largely unknown. Similar issues apply 















Figure 1. Histology of adult zebrafish immune system organs and cells.
(A) Integument, showing epidermal layer with mucus-secreting goblet cells (arrows). (B) Gut, 
showing epithelium with mucus-secreting goblet cells (g), and lamina propria extending from 
the base into the core of the villus (bracket), containing diverse mononuclear cells, including 
lymphocytes and eosinophil granulocytes (e). (C) Kidney, with hematopoietic cells in intersti-
tium between kidney tubules (k); a mature neutrophil (n) with its characteristic indented nucleus 
is indicated by the arrow. (D) Spleen, showing numerous erythrocytes (with characteristic oval 
nuclei) and diverse mononuclear cells. (E) Neutrophil granulocyte (n) with segmented nucleus 
and pale cytoplasm, and monocyte/macrophage (m) with vacuolated cytoplasm in peripheral 
blood film. Cells with oval nuclei are erythrocytes. (F) Eosinophil with characteristic peripheral 
non-segmented nucleus and granule-rich cytoplasm in peripheral blood film. (G–J) Thymus. 
(G) Low power sagittal section of adult Tg(lck:EGFP) transgenic zebrafish, showing the location 
of the highly cellular thymus (boxed, t). Other organs are eye (e), brain (b), and gills (g). Note 
the inverted T shape of the thymus, displayed more clearly in (H) which is a magnified view of 
the boxed area in (G). (I) Anti-EGFP immunohistochemistry stain of section corresponding to 
H, demonstrating the preponderance of EGFP-expressing T cells in the thymus (brown stain). 
(J) A magnified view of boxed area in H; note the densely packed small round blue cells in the 
thymus. (K) Lymphocyte with characteristic round nucleus and thin blue basophilic cytoplasm 
in peripheral blood film, surrounded by nucleated erythrocytes. (A-D,G,H,J) Hematoxylin and 
eosin stained sections. (E,F,K) May-Grunwald/Giemsa stained blood films. Scale bars: 10 μm 
(E,F,K), 20 μm (A,C,D), 40 μm (J), 50 μm (B), 200 μm (H,I), 600 μm (G).
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mediators, e.g. chemokines.
As in other animal groups , 
numerous other non-specific humoral 
factors contribute to fish innate 
immunity. For instance, serum 
transferrin may hamper bacterial 
growth by restricting the availability 
of iron. Lectins are a family of 
glycoprotein pattern- recognition 
receptors strongly represented in 
fish, again awaiting comprehensive 
classification and functional 
characterization. Coagulation 
pathways are important for 
maintaining tissue integrity 
and restricting the spread of 
pathogens during infection. Natural 
antibodies are immunoglobulin 
family proteins without selected or 
adapted pathogen specificity; one 
of their roles is the opsonisation 
of pathogens, facilitating their 
phagocytosis.
Innate immunity cells in fish
Circulating leukocytes are the key 
cells of vertebrate innate immunity 
and in zebrafish, the ontogeny and 
function of the macrophages and 
neutrophil granulocytes have been 
a particularly active area of study.
In the adult fish, macrophages are 
readily identified in the kidney and 
spleen by their size and phagosome-
rich cytoplasm, often containing 
erythrocyte remnants. They also 
aggregate at sites of chronic 
infection, such as Mycobacterium 
marinum granulomata or foci of 
Pseudoloma neurophilia infection. 
Zebrafish have a receptor for colony-
stimulating factor-1, the macrophage 
growth factor, but surprisingly, 
mutants lacking this receptor do not 
show overt macrophage deficiency 
or dysfunction. 
The most abundant adult zebrafish 
granulocyte is the neutrophil 
granulocyte (corresponding to the 
heterophil granulocyte of many other 
fish species). It has a characteristic 
morphology: an indented, segmented 
nucleus, and a cytoplasm with 
abundant granules containing 
strong myeloperoxidase activity. 
Indeed, high-level myeloperoxidase 
expression has proven a robust 
lineage-specific characteristic of this 
leukocyte subtype.
Eosinophil granulocytes also 
circulate in the blood of adult fish. 
Their characteristic size, nuclear 
morphology, cytoplasmic staining, and granule ultrastructure distinguish 
them from neutrophils. Zebrafish 
have RNAse A ribonucleases, but 
whether or not eosinophils carry 
these enzymes like their mammalian 
namesakes, and whether or not these 
cells share their function in defense 
against parasitic pathogens remains 
to be determined. There is also 
another type of granulocyte, possibly 
a zebrafish mast cell, characterized 
by carboxypeptidase expression 
and homogenous electron dense 
granules.
Ontogeny of myelomonocytic cells
During zebrafish hematopoiesis, 
the first macrophages arise from 
the rostral lateral plate mesoderm 
prior to the onset of circulation and 
migrate throughout the embryo; these 
are primitive macrophages with a 
broader functionality than definitive 
macrophages. These cells are 
actively phagocytic, engulfing cellular 
corpses and are able to phagocytose 
microbial organisms. They can 
transdifferentiate into microglia and 
into granulocytes. Following the initial 
wave of primitive myelopoiesis, larval 
definitive myelopoiesis occurs in the 
posterior blood island, dorsal aorta, 
and caudal hematopoietic tissue, 
before locating to its long-term adult 
site, the interrenal interstitium of 
the kidneys. The precise ontological 
relationship between these locations 
of hematopoiesis is an area of active 
study and discussion, greatly aided 
by the ability to trace labeled cells in 
living zebrafish embryos and larvae.
The ontogeny of zebrafish 
eosinophil granulocytes is not fully 
understood. Eosinophil precursors 
first appear in early larvae, and in the 
adult, they proliferate and mature 
in the hematopoietic tissue of the 
kidney, and are abundant in the 
intestinal mucosa.
Functional studies of phagocytes
Primitive macrophages are the most 
actively phagocytic cell in zebrafish 
embryos and early larvae, much 
more so than neutrophils. Functional 
studies of the role of macrophages 
in Mycobacterium marinum infection 
have demonstrated an unexpected 
dual role in both containing and 
disseminating the infection, 
exemplifying the utility of the 
zebrafish model for dissecting the 
cellular and molecular processes 
of innate immunity.The function of neutrophil 
granulocytes has been most carefully 
studied in embryos and larvae. Within 
minutes of sterile trauma or infectious 
inoculation, they migrate to and 
aggregate at the inflammatory site. 
Their granule proteins are assumed to 
be involved in the control of infection 
(as in mammals), and in inflammation. 
Live imaging cell-tracking studies 
in zebrafish have demonstrated 
that both apoptosis and retrograde 
chemotaxis contribute to the flux of 
neutrophils at inflammatory sites.
Several recessive mutants deficient 
in early myeloid cells have been 
described (cloche, lost-a-fin/alk8, 
and meunier). Although these provide 
insight into myeloid development, 
their usefulness for functional studies 
is limited. None of the myeloid 
mutants identified to date show a 
selective loss of just one myeloid cell 
type and their myeloid defect is one 
aspect of widespread developmental 
defects. To circumvent these caveats, 
antisense morpholino oligonucleotides 
have been used to deplete 
embryos of early myeloid cells by 
transient knockdown of the myeloid 
transcription factor spi1/ pu.1 — 
resulting in loss of primitive 
macrophages — or of the myeloid 
growth factor ligand or receptor 
csf3/ gcsf and csf3r/gscfr — resulting 
in reduced numbers of myeloid cells.
In addition to the above, large 
granular lymphocytes resembling 
mammalian natural killer (NK) cells 
can be readily isolated from zebrafish 
kidney marrow. While none of the 
salient mammalian NK receptors have 
so far been uncovered in zebrafish, 
a recently identified family of novel 
immune-type receptors (NITRs) 
has structural similarities with NK 
receptors.
Innate immunity signaling pathways
The responses of innate immunity 
cells are molecularly driven by a 
diverse array of pattern recognition 
receptors (PRRs) that bind prevalent 
biomolecules of pathogens 
known as ‘pathogen-associated 
molecular patterns’ (PAMPs). They 
are exemplified by the Toll-like 
receptor (TLR) family of cell surface 
receptors. TLRs recognize different 
biomolecules; in mammals these are: 
lipopeptide (TLR2); double-stranded 
RNA (TLR3); lipopolysaccharide 
(TLR5); flagellin (TLR6); and 
nucleic acid, heme (TLR7-9). The 
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domain- (NOD)-like receptor (NLR) 
family of intracellular PRRs has 
several subfamilies defined by 
structural elements. The mammalian 
NOD subfamily, containing a caspase-
recruitment domain, recognizes 
bacterial peptidoglycans. PRRs 
signal through intracellular adaptor 
molecules in which MyD88, amongst 
several others, plays a pivotal role. 
Compared to mammals, fish 
innate immunity signaling pathways 
show a higher level of complexity. 
Zebrafish genes corresponding 
to many mammalian PRRs have 
been identified, often with several 
paralogs. For example, zebrafish 
have about 50% higher TLR diversity 
than mammals, most likely a 
consequence of the early genome 
duplication of the teleost lineage. 
This may provide for recognition of 
a larger repertoire of PAMPs, or for 
more specific responses to individual 
PAMPs. Furthermore, there is 
evidence that not all zebrafish TLRs 
have the same PAMP specificity or 
signaling activity as their mammalian 
counterparts. 
Adaptive immunity in fish
Lymphocytes are the key effector 
cells of adaptive immunity. For 
activation, lymphocytes require 
exposure to self and non-self 
antigens in the context of major 
histocompatibility complex (MHC) 
molecules. Antigen–MHC complexes 
are presented to lymphocytes on 
the surface of antigen presenting 
cells. Whether in zebrafish antigens 
are presented by any phagocytes, 
or involves professional antigen 
presenting cells, such as the 
dendritic cells of mammals,  
is yet to be determined.
T cells are the mainstay of 
adaptive cellular immunity. Similarly 
to mammals, the zebrafish T cell 
receptor (TCR) α, β, γ, and δ chains are 
organized in translocon configuration. 
The recombination activating genes 
(rag) 1 and 2 are indispensable for 
initiating recombination of the TCR 
V, D, and J segments as seen in 
rag-1 deficient zebrafish. Curiously, 
these immunocompromised mutants 
survive without obvious impairment 
in notoriously microorganism-
infested aquarium water as long as 
their epithelial barriers are intact. 
However, within days following injury 
the majority of mutants succumb to infection, suggesting strong innate 
immune defense at epithelial barriers. 
From the thymus, T cells populate 
secondary lymphoid organs — the 
kidney and the spleen — as well as 
epithelial tissues at mucosal barriers 
such as the olfactory pit and intestine. 
T cells are also found in gills, liver and 
the peritoneal cavity.
B cells are at the centre of 
adaptive humoral immunity. The 
immunoglobulin locus of zebrafish 
is a mixture between translocon 
(heavy chain) and cluster (light chain) 
organization. In addition, instead of 
α, γ and ε heavy chain isotypes, the 
zebrafish heavy chain locus contains 
the previously unknown ζ constant 
region segment between the μ and 
δ isotypes. All three isotypes are 
generated by alternative splicing 
to the rearranged VDJ segment, 
but class switching does not occur. 
Nevertheless, zebrafish do have a 
functional cytidine deaminase gene 
(AID) that can effect immunoglobulin 
class switching in AID-deficient 
mammalian cells. AID is also 
important for affinity maturation 
of mammalian immunoglobulins 
in germinal centers of secondary 
lymphoid organs. As zebrafish do 
not have lymph nodes, and do not 
form germinal centers in the spleen 
(resulting in absence of affinity-based 
antibody selection), the functional 
role of zebrafish AID in their immune 
system is unclear. Peculiarly, 
during development B cells first 
appear in the pancreas of zebrafish 
larvae. It has yet to be explored 
if B cell precursors are derived 
from the dorsal aorta and caudal 
hematopoietic tissue as are their T 
cell counterparts. In adult zebrafish, B 
cells are generated in the kidney, and 
are found in organs such as spleen, 
thymus, and gut. Table 1 lists primary 
and secondary lymphoid tissues 
during zebrafish development. 
Genetic approaches to explore 
development of adaptive immunity
One advantage of the zebrafish 
as a model organism is the ease 
with which mutant screens can be 
conducted. Using ENU mutagenesis, a 
number of fish mutants with defective 
lymphocyte development have been 
identified. However, all mutagenesis 
screens have so far only explored 
T cell immunodeficiency. The two 
published T cell-intrinsic zebrafish 
mutants affect the polycomb factor 
ikaros and the rag-1 gene, both 
previously known in mammals to 
cause absence of T cells. The majority 
of T cell mutants in zebrafish and 
medaka have an underlying defect 
in thymus development rather than 
specific defects in lymphocyte 
development. As thymus development 
requires the contribution and 
interplay of all three germlayers, it 
is not surprising that the majority 
of these mutants have associated 
developmental defects and are 
embryonic lethal. Thus far, published 
mutants in this category have not 
identified new thymus-intrinsic gene 
defects, but rather result from defects 
in housekeeping genes. This suggests 
that in addition to the transcription 
factor foxn1, whose absence causes 
the athymic nude mouse phenotype, 
there may not be a large number 
of genes that specifically regulate 
thymus development.
Functional studies of lymphocytes
Overall, there is a paucity of data 
on the function of the zebrafish 
adaptive immune system. Production 
of immunoglobulin in response to 
immunogenic challenge can readily 
be demonstrated in adult zebrafish. 
Allogenic immune recognition has 
been well described in teleosts, e.g. 
a NITR-dependent catfish mixed 
lymphocyte reaction. Tumor and stem 
cell allografts between adult zebrafish 






Dorsal aorta – posterior 
cardinal vein juncture
T cell progenitors* 28-72 hpf Aorta, gonad, mesonephros
Caudal hematopoietic tissue T cell progenitors* 44-240 hpf Fetal liver
Thymus T cells >72 hpf Thymus
Pancreas B cells 4 dpf - ? N/A
Pronephros/kidney T cell progenitors, 
B cells
>4 dpf Bone marrow
*B cell precursors likely also produced, but not yet directly demonstrated.
Abbreviations: hpf = hours post fertilization; dpf = days post fertilization; N/A = not applicable.
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Innate immunity Adaptive immunity
Phylogeny Many mechanisms shared with all animals; some 
mechanisms are also shared with plants
Jawless fish have a form of lymphocyte and divergent type 
of rearranging immune receptor
Jawed fish mark the appearance of the thymus and 
 recombinase-activating genes (RAGs)
Anatomical features Surface barrier with mucus coating containing 
secreted protective antibacterial molecules
Cells and soluble factors distributed  
in endothelium-lined circulation
No lymph nodes or germinal centers
Lymphatic circulation
Secondary lymphoid organs: paired thymic organ, anterior and 
posterior kidney, spleen, gut-associated lymphoid tissue
Key cell types Macrophages
Granulocytes: neutrophil, eosinophil, basophil
Natural killer cell equivalent (diverse genomic 
library of novel immune type receptors, NITRs)
Thrombocytes (work with coagulation pathways 
to maintain host integrity)
B lymphocytes (re-arranging B cell receptor)
T lymphocytes (re-arranging T cell receptor)
Detailed lymphocyte subtypes not yet characterized
Antigen-presenting cells
Cellular immunity Phagocytosis (predominantly macrophages)
Microbicidal/static biochemical pathways  
(e.g. peroxide, nitric oxide production)
Hematopoietic growth factors regulate leukocyte 
precursor proliferation, leukocyte function
Compared to tetrapods, conserved T cell receptor structure
Specificity diversification by RAG-dependent
V(D)J recombination
Characteristic cytotoxic T-cell responses demonstrable, e.g. 
mixed lymphocyte reaction, graft rejection, antiviral response
Humoral immunity Complement – classical, alternative and mannose-
lectin pathways; highly evolved diversity
Coagulation pathways
Natural antibodies
Induced cytokines, e.g. interleukin-1, tumor 
 necrosis factors, interferons, chemokines
Ligand and receptor families characterised by 
highly evolved diversity
Compared to tetrapods, less conserved B cell receptor 
 structure
Immunoglobulin classes (μζδ isotypes)
Specificity diversification by RAG-dependent V(D)J recombina-
tion; somatic hypermutation contributes to a lesser extent
No class switching
Activation and key  
signaling pathways
Pathogen-associated molecular patterns (PAMPs) 
interact with pattern recognition receptors (PPRs), 
e.g. Toll-like receptors (TLRs), lectins, peptidogly-
can recognition proteins, cytokine receptors
Immune receptor engagement with antigen
Immunological memory Fixed repertoire, entrenched in the genome Adapts to environmental history of the individual; mechanisms 
for adaptation entrenched in genome
Cellular ontogeny Phagocytes are present and functional from early 
segmentation
Hematopoiesis has primitive and definitive phases, 
at distinct locations during development
Adult hematopoiesis in the kidney interstitium  
(not bone marrow)
Lymphocytes appear first during late organogenesis
T lymphocytes precede B lymphocytes
T lymphopoiesis resides in the thymus throughout life
B lymphopoiesis resides in adult kidney interstitium (embryonic 
location not certain)
Comparison with mammals Appears highly evolved and richly diversified Appears less highly evolved and possibly less flexiblehave required conditioning with 
sublethal lymphoablative radiation, 
indicative of T-cell function, although 
transplants between embryos are 
possible and such embryos can 
survive to adulthood. Lymphocyte 
function has been globally assessed 
by demonstrating hypersusceptibility 
of Rag-deficient zebrafish to 
mycobacterial infection. Finally, 
a function for the NITR9 complex 
in transducing signals across the 
membrane has been shown.
Conclusion
Fish have well developed immune 
systems, with full representation of 
all known fundamental components 
of innate and adaptive immunity, 
although with some specializations 
and unique features. The key 
characteristics of the piscine immune 
system, as exemplified by zebrafish, 
are surveyed in Table 2. In general terms, compared to mammals, fish 
innate immunity appears highly 
evolved with potentially enhanced 
functionality, whereas fish adaptive 
immunity appears to be possibly 
less sophisticated. There is a 
rapidly expanding research effort 
employing fish models; in zebrafish 
these particularly exploit its elegant 
embryology, genetic tractability and 
optical transparency. Significant future 
contributions to immunology from 
research using piscine models  
can be anticipated.
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